Introduction
A convenient way to reduce NOx emissions in industrial combustion applications is to use lean premixed combustion. This consists in providing the combustion chamber with premixed reactants to avoid the formation of hot and fuel-rich pockets, which locally increase the NOx emissions.
In addition, under lean conditions, the mixture of fuel and air burns at lower temperature than for stoichiometric conditions, and therefore thermal NOx emissions are lower [1] . These conditions are generally achieved in swirled lean premixed burners where the rotating flow both enhances the mixing rate between the fuel and the oxidizer streams and promotes the flame stabilization through the swirlinduced recirculation of hot products near the nozzle [2] . Unfortunately, strong instabilities may occur under these operating conditions and lead to mechanical damage and/or flame extinction [3, 4] . Various solutions have already been proposed to improve and to control flame stabilization in these combustion chambers, from injector design improvements to complex adaptive active control methods.
Another way to improve flame stabilization is to use plasma discharges, which can generate active species and local heating sufficient to sustain the combustion of lean air/fuel mixtures. Over the past decade, for instance, beneficial effects have been observed in laboratory-scale burners under the action of microwave discharges [5] , gliding arc discharges [6] , plasma torches [7] , surface DC discharges [8] , nanosecond dielectric barrier discharges [9, 10] or nanosecond repetitively pulsed (NRP) discharges [11] [12] [13] [14] [15] [16] . The latter types of discharges have been particularly efficient, allowing the stabilization of lean premixed flames in laboratory-scale burners with plasma powers typically less than 1% of the power released by the flame. Thus, plasma-assisted combustion appears to be an effective and energy-efficient strategy for lean flame stabilization in well-controlled, laboratory-scale burners. However, few studies have been conducted in configurations close to practical systems.
In this study, we focus on the use of a non-equilibrium NRP discharge to increase the flame stability domain of a premixed swirled burner, representative of aeronautical combustors. The first objective of our work is to study the influence of a plasma discharge on the flame stability domain, particularly on the Lean Blow-Off (LBO) equivalence ratio. Then, the effects of the discharge repetition frequency, the flowrate and the relative electrode location in the combustor and the flame stability domain are investigated. The first part of this paper describes the experimental set-up: the combustor, the plasma device and the diagnostics used. Then, experimental results are presented and discussed.
Experimental set-up (a) Experimental combustor
The experimental combustor is composed of a two-stage swirled injector and a rectangular combustion chamber with optical access ports. Figure 1 presents a schematic view of this experimental injector, whose geometry is relevant to that of industrial injectors.
A primary stage is used to facilitate ignition or to produce a pilot flame (fuel rich) in order to stabilize combustion. The primary stage comprises a central duct fed with pure propane and a swirler supplied with dry compressed air at ambient temperature. The angle of the primary stage swirler, containing 18 vanes, is maintained at 42 • . Propane and air are mixed in a pipe downstream of the fuel and air inlets. The exit diameter of this primary stage nozzle is about 15 mm. The secondary stage is designed to dilute the propane/air mixture in order to obtain global lean conditions optimum for NOx emission reduction. In this secondary stage, propane is delivered through 15 holes, located on a circular hollow part. The airflow is injected in the secondary stage through a swirler with 20 vanes. The 15 propane jets mix with the secondary stage air flow in a cross-flow configuration. The angle of the secondary stage swirler is 35 • .
Both swirlers are oriented in the same direction to ensure a strong co-rotating swirling motion. It has to be noted that both swirlers cannot be supplied with air independently of one another, i.e. the global incoming air flowrate is always divided into two parts. Because of the design of the two swirlers, the secondary stage air flowrate is always four times higher than the one in the primary stage. The maximum air flowrate that can be injected in the combustor is Q air,max = The combustion chamber has a square cross-section of 100 × 100 mm 2 and a length of 500 mm. The sidewalls of the chamber are made of two silica windows to enable optical diagnostics in the flame, whereas the top and the bottom walls of the chamber are made of concrete. The end of the combustion chamber is open to the atmosphere; therefore, the pressure at the end of the combustion chamber is close to atmospheric pressure.
(b) Plasma device
The plasma device includes a high-voltage pulse generator and a high-voltage electrode. A refractory steel anode, 5 mm in diameter, is introduced in the combustion chamber through its upper wall and is placed less than 1 cm downstream of the outlet of the primary stage mixing area, as shown in figures 1 and 2. The stainless steel nozzle, 55 mm in diameter, is used as the grounded cathode, and a discharge is created between the electrode tip and the edge of the injector outlet, as can be seen in figure 2 . The photograph of the discharge shown in figure 2 is taken with a long time exposure, and therefore one can see several consecutive plasma filaments, each corresponding to a different pulse, almost uniformly distributed over the entire exit plane of the injector outlet. Plasma discharges are produced using a pulse generator (FID FPG 30-100MS) . Electric pulses of 10 ns in duration are created at the repetitive frequency f 30 = 30 kHz, except for one test where the repetitive frequency is fixed at a value of f 11 = 11 kHz to study the influence of this last parameter. The discharge operates in the nanosecond spark regime, as defined in [17] [18] [19] with peak currents of the order of 50 A during the 10 ns pulse. For the 30 kHz repetition frequency case, the peak voltage across the load is about 14 kV and the mean power provided by the discharge is about 350 W, to be compared with the flame power P = 53 kW (thus the plasma power is about 0.7% of the power released by the flame). For the 11 kHz case, the mean power delivered by the discharge is about 120 W.
(c) Optical diagnostics
The spontaneous optical emission of CH * and OH * radicals was recorded to evidence the enhancement of combustion by the discharge. CH * emission measurements were recorded with a digital camera (objective in conventional glass) equipped with a low-pass filter (03SWP604, Melles Griot; less than 450 nm), and OH * emission was measured with an intensified camera (Princeton Instrument PIMAX; 1 MHz) fitted with an interferential filter encompassing the OH * emission band (UG5, Melles Griot (210; 400 nm)). The two cameras were placed perpendicularly to the combustion chamber. The choice of these optical diagnostics partly results from a previous study [11] in which the emission spectrum of a propane/air flame stabilized by an NRP discharge was measured between 300 and 500 nm under conditions similar to those in this study. The dominant emission features were found to be OH(A 2 Σ + → X 2 Π ) around 310 nm, CH(A 2 → X 2 Π ) around 430 nm, and various vibrational bands of the second positive system of N 2 (C 3 Π u → B 3 Π g ) between 300 and 500 nm. These measurements were taken over a time window of 1 ms encompassing the period of excitation by the 10 ns discharge. It is well known that the second positive system decays very quickly via dissociative quenching reactions: at atmospheric pressure the emission of the second positive system of N 2 decays by more than three orders of magnitude in less than 10 ns after the end of the discharge pulse [19] . In addition, it has to be remembered that the second positive system of N 2 is not visible outside the region where the discharge is produced. As the results shown in the following (figures 3 and 4) are taken downstream of the discharge region, the only observed emissions are from OH * between 300 and 320 nm, and CH * between 420 and 440 nm.
(d) Operating conditions
To investigate the effects of the plasma enhancement on the combustion process, all tests were performed with the same procedure. First, a flame was stabilized in the combustion chamber without plasma for given values of the air and fuel flowrates. Then the fuel flowrate was continuously decreased until flame extinction to determine the lean extinction equivalence ratio without plasma. Then, the same procedure was repeated to determine the lean equivalence ratio with plasma. As the fuel flowrate was significantly lower than the global air flowrate, a decrease in the fuel flowrate does not substantially modify the gas velocities in the combustion chamber. The influence of the global flowrate as well as the fuel injection location are studied at the end of this paper.
Influence of the plasma discharge on the flame stability domain
Our primary objective was to study the effects of NRP discharges (in the 30 kHz repetition frequency case) on the flame associated with the combustion regime labelled 'case A'. For this study, the fuel was entirely injected through the primary stage, whereas the global airflow rate was kept constant at Q air = 105 Nm 3 h −1 (airflow rates in the primary and secondary stages:
(Q air ) p = 21 Nm 3 h −1 and (Q air ) s = 84 Nm 3 h −1 ). In the following, as already mentioned, the associated flame extinction limit was determined by continuously reducing the fuel flowrate, i.e. the flame power, until flame extinction. 
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(a) Flame stability domain without and with plasma
The operating regimes of the burner are determined as a function of the global equivalence ratio, Φ g , the primary stage equivalence ratio, Φ p , and the fuel flowrate, (Q C 3 H 8 ) p . Figure 3a shows the evolution of Φ g and Φ p when the fuel flowrate injected through the primary stage (Q C 3 H 8 ) p decreases. As Q air is kept constant, Φ g and Φ p decrease with (Q C 3 H 8 ) p . In figure 3a , the initial combustion regime for case A is represented by squares, the flame extinction limits without and with plasma are represented by circles and crosses, respectively. Without plasma, flame extinction is observed when the equivalence ratios are lower than Φ g = 0.4 and Φ p = 2.05, respectively. Note that the physical presence of the electrode (seen as the glowing filament in figure 3b ) has no effect on the operation regimes, as flame extinction occurs at the same equivalence ratio with or without the electrode in the chamber. By contrast, when the plasma discharge is turned on, the lean equivalence ratios are reduced to Φ g = 0.11 and Φ p = 0.57, respectively. Thus, the plasma discharge significantly extends the flame stability domain, confirming the results already obtained in [11] . Here, the lean equivalence ratios are reduced by 72%. In addition, it must be noted that a flame is maintained when the primary stage gaseous mixture is lean: 0.57 < Φ p < 1.
The operating map shown in figure 3a corresponds to different combustion regimes observed in the combustion chamber. They are analysed using CH * emission images, reported in figure 3b.
In both figures, emission images of the flame without plasma are plotted on the left and those of the flame with plasma enhancement are shown on the right. In these images, the flow goes from left to right. The first two CH * emission images show the flame observed in case A (Φ g = 0.47). Without and with plasma enhancement, the flame is compact and stabilized near the injection plane in the combustion chamber. The flame extends around the electrode, which is heated, becoming red. For a constant air flowrate, when Φ g decreases from 0.47 to 0.4 the flame becomes shorter and more compact, but the plasma discharge does not alter the flame structure. Without plasma, when the global equivalence ratio is lower than 0.4, the flame extinguishes. Figure 3b indicates that the use of plasma allows a compact and robust flame to be maintained in the chamber even if Φ g < 0.4. For Φ g < 0.34, the flame becomes increasingly shorter so that the electrode is no longer in the flame and becomes invisible in the images. For Φ g = 0.13, the flame only develops around the end of the electrode, near the injection plane and in the injector outer divergent. The frames in figure 4 were obtained by applying an Abel transform to the image recorded with the ICCD camera equipped with the interferential filters UG5. In all frames in figure 4 , the locations of the top and the bottom walls of the combustion chamber are represented in black. The notations x * and y * are used to define reduced dimensions, x * = x/D and y * = y/D, where D is the injector divergent outlet diameter (D = 50 mm). To ensure good image dynamics and reduce the effect of the highly luminous electrode, a threshold is applied to each image, which is then normalized by its maximum value. The image corresponding to Φ g = 0.4 and Φ p = 2.05 is representative of the flame near the extinction limit. For a constant air flowrate, reducing Φ g from 0.47 to 0.4 makes the flame more compact and shorter. When Φ g varies between 0.47 and 0.4, the level of OH * emission is higher when the plasma discharge is applied to the flame.
In addition, for Φ g = 0.4, with plasma, the flame appears to be larger than in the case without plasma. When Φ g < 0.4, both the OH * emission intensity and the flame length decrease. The combustion regime (Φ g = 0.17; Φ p = 0.85), close to the lean extinction limit (Φ g = 0.11; Φ p = 0.57), is a very short but very robust flame. Note that the phenomenon shown here is reversible: when Φ g increases from 0.13, the same steps of the flame growth and development in the combustion chamber are observed.
Plasma discharge effectiveness
The influence of several parameters on the effectiveness of the plasma device in extending the lean extinction limit is now investigated. 
(a) Influence of electric pulse repetition frequency
First, the effects of the electric pulse repetition frequency were determined. In the previous section, the case of a nanosecond plasma discharge with a repetition frequency f 30 = 30 kHz was tested for the combustion regime termed 'case A'. The influence of a repetition frequency of f 11 = 11 kHz is now analysed for the same combustion regime. The procedure is similar to that in the previous case: keeping the global air flowrate constant, the flame power is continuously decreased from P = 53 kW (by reducing the fuel flowrate) until flame extinction. Table 1 reports the values of Φ g and Φ p when the flame extinguishes. Using an 11 kHz plasma discharge also allows us to increase the flame stability domain, since the lean extinction equivalence ratio decreases from ≈ 0.4 without plasma to ≈ 0.34 with plasma. Nevertheless, the results reported in table 1 evidence that the higher the repetition frequency, the more effective the plasma device is. Moreover, a stable flame with a primary stage equivalence ratio lower than unity, in contrast with the f 30 case, cannot be maintained. For f 11 , the plasma power is three times lower than the one obtained for f 30 . This lower power may explain why the plasma device is less effective when its repetition frequency decreases.
(b) Influence of the global flowrate
Another important parameter to evaluate the effectiveness of the plasma device is the global flowrate (fuel + air) in the combustion chamber. Two complementary tests were performed using a plasma discharge pulsed at f 30 = 30 kHz and the initial combustion regimes listed in table 2. For these two additional tests, the fuel flowrate was still injected only through the primary stage. These two tests are compared with case A. Cases A, B and C are characterized by close values of the global equivalence ratios but increasing flowrates, meaning that the initial fuel flowrate and the initial power are increased, as shown in table 2. Using the procedure described previously, the flame power is continuously decreased to determine the lean extinction limits. The latter are also reported in table 2.
As seen before, in case A, the plasma discharge provides a significant increase in the flame stability domain, as the lean extinction equivalence ratios are reduced by 72%. In case B, when the initial air flowrate is Q air = 122 Nm 3 h −1 , the plasma discharge permits a very compact and robust flame to be obtained and the lean extinction equivalence ratios (Φ g and Φ p ) to be reduced by 29% (table 2) . Nevertheless, the analysis of case B indicates that the plasma device is less effective when the global flowrate increases. This is confirmed by the third case, where for Q air = 140 Nm 3 h −1
(case C) the lean extinction equivalence ratios are reduced by only 16% when the plasma device is used (table 2) .
In conclusion, when the repetition frequency of the plasma discharge is kept constant, increasing the global flowrate in the combustion chamber reduces the effectiveness of the plasma device. These findings suggest that the residence time of the flow is a critical parameter, and that the repetition frequency of the plasma must be adjusted to ensure that the gas undergoes the influence of at least a few pulses. Another solution to maintain the discharge effectiveness Table 2 . Initial combustion regimes and lean extinction limits for cases A, B and C. Q air and (Q C 3 H 8 ) p are the air flowrate and the fuel flowrate (injected through the primary stage), respectively. Φ g is the global equivalence ratio, Φ p is the primary stage equivalence ratio and P is the burner power. would be to create a recirculation area (i.e. to increase the flow residence time) in the vicinity of the electrode.
(c) Influence of the electrode location
The relative position of the plasma discharge compared with the fuel injection probably also influences the flame stabilization using plasma. In other words, the local equivalence ratio of the gaseous mixture surrounding the electrode might have an important role for the plasma device effectiveness and is now investigated. To this end, the fuel flowrate was totally injected through the secondary stage, without modifying the electrode location. The initial combustion regime is detailed in table 3. Note that the gaseous mixture exiting the secondary stage is a lean propane/air mixture; because of the injector geometry, the air flowrate in the secondary stage swirler is about four times higher than that in the primary stage swirler. Once again, from the initial combustion regime (case D, initial flame power P = 74 kW), the flame power, i.e. the fuel flowrate, is continuously decreased until flame extinction, while Q air is kept constant. In this case, the plasma discharge extends only slightly the flame stability domain: the lean extinction equivalence ratios are reduced by only 4% (table 3) . In addition, this slight extension of the stability domain may only result from experimental errors. It should be noted that, in this case, the primary stage is only supplied with air. Thus, since the extremity of the electrode is placed on the axis of the primary stage mixing area, the discharge is produced in a pure airflow. As a result, the atomic oxygen produced by the discharge is likely to recombine before reaching the fuel. This may explain why the plasma device is not effective here. Nevertheless, further studies are required to optimize the electrode position in this configuration.
Conclusion
The effects of an NRP plasma on the flame stability domain of a lean premixed swirling burner were investigated. The plasma device provides high-voltage electric pulses with a peak voltage of 14 kV, a duration of 10 ns, and a repetition rate that can be adjusted in the range (1-100) kHz and a mean power of about 350 W.
We particularly focused on the influence of the plasma on the lean extinction limit. All tests were performed using the same procedure: for a constant airflow rate, and starting from a wellstabilized flame, the global equivalence ratio was decreased until flame extinction. The lean extinction equivalence ratio was then determined with and without discharge.
First, a plasma discharge with a repetitive frequency of 30 kHz was created on the combustion chamber axis near the divergent of the primary stage mixing area, while the burner power was ≈ 53 kW and the primary stage equivalence ratio was Φ p = 2.4. The use of the plasma discharge allowed us to stabilize the flame down to a lean extinction limit four times lower than without plasma. In addition, the plasma enhanced the combustion, leading to very short and compact flames when the global equivalence ratio was lower than the one associated with lean extinction when the plasma is off. This flame remains robust and is not subject to instabilities leading to extinction. Moreover, increasing the fuel flow rate in this situation leads back to a stable flame.
Then, the influence of several discharge parameters on the combustion effectiveness were investigated. This study confirms the conclusions of Pilla [20] , i.e. that a key parameter is the repetition frequency, which must be high enough so that the discharge is in contact with a significant fraction of the gaseous reactive mixture present in the combustion chamber during a sufficient time. This comparison explains why, when the gas velocity increases, the repetition frequency of the discharge must be increased to improve the effectiveness of the discharge. Finally, the location of the electrodes is a key parameter. One must ensure that the discharge is produced in a region containing both air and fuel.
In conclusion, the use of NRP discharges allowed us to extend the stability domain of a lean premixed swirled injector representative of low-power aeronautical combustors, using an energy corresponding to a small fraction (0.7%) of the flame power. In future work, these plasma devices should be investigated in more powerful flames and/or combustors supplied with liquid fuels. In addition, the question of NOx emissions remains to be investigated. In flames stabilized by non-equilibrium discharges, separate studies have shown that the density of NO tends to remain constant when decreasing the equivalence ratio, at a level close to or slightly below the stoichiometric value [21, 22] . This behaviour suggests that NO is formed by a non-thermal mechanism which could be the dissociative quenching of excited electronic levels of molecular nitrogen by the atomic oxygen produced in the discharge [23] . Further work is required to better understand this mechanism and to optimize the discharge electrical or geometrical parameters to effectively reduce NO production. 
